Novel antileishmanials are urgently required to overcome emergence of drug resistance, cytotoxic effects, and difficulties in oral delivery. Toward this, we investigated a series of novel 4-aminoquinaldine derivatives, a new class of molecules, as potential antileishmanials. 4-Aminoquinaldine derivatives presented inhibitory effects on L. donovani promastigotes and amastigotes (50% inhibitory concentration range, 0.94 to 127 M). Of these, PP-9 and PP-10 were the most effective in vitro and demonstrated strong efficacies in vivo through the intraperitoneal route. They were also found to be effective against both sodium antimony gluconate-sensitive and -resistant Leishmania donovani strains in BALB/c mice when treated orally, resulting in more than 95% protection. Investigation of their mode of action revealed that killing by PP-10 involved moderate inhibition of dihydrofolate reductase and elicitation of the apoptotic cascade. Our studies implicate that PP-10 augments reactive oxygen species generation, evidenced from decreased glutathione levels and increased lipid peroxidation. Subsequent disruption of Leishmania promastigote mitochondrial membrane potential and activation of cytosolic proteases initiated the apoptotic pathway, resulting in DNA fragmentation and parasite death. Our results demonstrate that PP-9 and PP-10 are promising lead compounds with the potential for treating visceral leishmaniasis (VL) through the oral route.
T he protozoan parasites of the genus Leishmania are the causative agents of the disease leishmaniasis (58) . Epidemiological studies reveal that leishmaniasis is endemic in 88 countries, particularly in subtropical and tropical regions, and is estimated to afflict 12 million people worldwide (57) . Leishmaniasis manifests mainly in three clinical forms: visceral leishmaniasis (VL), cutaneous leishmaniasis (CL), and mucocutaneous leishmaniasis (MCL). Clinical manifestations range from skin lesions, which are evident in CL, to clinical presentations of hepatosplenomegaly, which are evident in VL (8) . VL causes large-scale mortality and morbidity among the poorest of the poor in the Indian subcontinent and Africa and is classified as a neglected disease by WHO and Medicines San Frontieres. There are no licensed vaccines, and chemotherapy is the mainstay to combat the disease. The armamentarium of drugs currently approved is limited to amphotericin B and its various liposomal formulations, paromomycin, and pentavalent antimonials. Miltefosine, the only oral drug approved for VL (10) , cannot be used in children and pregnant women, as gastrointestinal toxicity and teratogenicity were evident from clinical trials carried out in India (22) . The other drugs also suffer from shortcomings, such as unacceptable adverse effects, poor efficacy, limited accessibility due to high cost, and poor compliance, as they require parenteral administration and long treatment regimens (40) . Additionally, the other compounding factors of concern are the emergence of drug resistance, particularly toward pentavalent antimonials in the Indian subcontinent (44) , and resurgence of VL with HIV as a coinfection (48) . Progress in antileishmanial drug discovery has been hampered due to the lack of a profitable drug market, which dampens serious attention from pharmacy majors, as leishmaniasis fails to qualify as a global disease (42) . These issues emphasize an imperative need to carry out drug discovery programs that would significantly accelerate and facilitate the identification of novel and safer chemotherapeutic agents against leishmaniasis.
Earlier, our group synthesized a novel quinoline derivative (S-4), 2-(2-methylquinolin-4-ylamino)-N-phenylacetamide (47) , which showed strong antiparasitic activity both in vitro and in vivo against Leishmania donovani. It was hypothesized that 4-aminoquinaldine compounds would retain antiparasitic activity, as multiple reports entail that quinoline scaffold-based derivatives, such as indolyl quinoline analogues (7), 4-substituted quinoline (19) , 2-substituted quinoline (36), 8-amino quinoline derivatives (sitamaquine) (30) , and 2 propylene quinoline derivatives (33) , display antiparasitic activities. On the basis of informed rationality, nine 4-aminoquinaldines were synthesized by introducing numerous R groups at the 4 amino position of quinaldine scaffolds (14) . In addition, two more compounds, PP-9 and PP-10, analogues of S-4, were synthesized by inserting two chlorine atoms at the anilide position of 4-aminoquinaldine moieties. Herein, these 11 compounds (Table 1) were tested against L. donovani parasites and their antileishmanial activities were evaluated in comparison with S-4. 
PP-2 N-(2-Chloro-phenyl)-2-(2-methyl-quinolin-4-ylamino)-acetamide

PP-3 N-(4-Methoxy-phenyl)-2-(2-methyl-quinolin-4-ylamino)-acetamide
PP-4 4-Methyl-N-(2-methyl-quinolin-4-yl)-benzamide PP-7 N-(4-Methyl-phenyl)-3-(2-methyl-quinolin-4-ylamino)-propionamide
PP-8 1-(4-Dimethylamino-phenyl)-3-(2-methyl-quinolin-4-ylamino)-propan-2-one PP-9 N-(2,3-Dichloro-phenyl)-2-(2-methyl-quinolin-4-ylamino)-acetamide
PP-10 N-(2,4-Dichloro-phenyl)-2-(2-methyl-quinolin-4-ylamino)-acetamide
PP-11 N-Cyclohexyl-2-[cyclohexylcarbamoylmethyl-(2-methyl-quinolin-4-yl)-amino]-acetamide
PP-12 N-(2,5-Dichloro-phenyl)-2-(2-methyl-quinolin-4-ylamino)-acetamide
PP-13 2-[(2-Methyl-quinolin-4-yl)-(2-morpholin-4-yl-2-oxo-ethyl)-amino]-1-morpholin-4-yl-ethanone
In this series of compounds, PP-9 and PP-10 displayed the most pronounced activity against both sodium antimony gluconate (SAG)-sensitive and -resistant L. donovani. These compounds with impressive oral permeabilities demonstrated remarkable in vivo antileishmanial activity through the oral route. PP-10 elicited its antileishmanial activity through programmed cell death (PCD) involving upregulation of reactive oxygen species (ROS) generation (28) , subsequent protease activation, and DNA fragmentation, coupled with moderate inhibition of leishmanial dihydrofolate reductase (DHFR).
MATERIALS AND METHODS
Chemistry. Synthesis procedure and spectral data for all the experimental compounds except PP-9 and PP-10 were previously reported (14) . PP-9 and PP-10 were synthesized by reacting dichloroacetyl chloride with 4-aminoquinaldine with substituted anilines in the presence of sodium hydride in dry dimethyl sulfoxide (DMSO) under a nitrogen atmosphere, giving rise to the products. Two compounds were separated by column chromatography over silica gel (60 to 120 mesh), eluting with different ratios of a chloroform-methanol mixture, and were characterized by the results of their spectroscopic analyses (infrared, 1 H, 13 C, and mass spectral). Chemical spectral data for PP-9 and PP-10 are given in the supplemental material.
Chemicals. All chemicals used in the experiments were of analytical grade and were procured from Sigma-Aldrich and E. Merck.
Biology, parasite culture, and animals. Promastigotes of L. donovani strain AG83 (MHOM/IN/1983/AG83) were maintained in golden hamsters and cultured at 22°C in medium 199 (M199) supplemented with 10% fetal calf serum (FCS), 100 IU/ml penicillin, and 100 mg/liter streptomycin (M119-FCS) (1). Another strain, GE1F8R, is an in vitrodeveloped SAG-resistant isolate originally obtained from a kala-azar patient (MHOM/IN/89/GE1F8R). Promastigotes of L. major (MHOM/SU/ 73/5-ASKH) were cultured in Dulbecco's modified Eagle medium (DMEM) at 22°C and maintained in BALB/c mice by serial passage. A green fluorescent protein (GFP)-transfected SAG-resistant parasite, a clinical isolate of L. donovani (GFP2039), was obtained from Central Drug Research Institute, India, and cultured in RPMI 1640 (Sigma) containing 25 mM HEPES, 40 g/ml gentamicin supplemented with 10% FCS at 25°C. Four-week-old hamsters and BALB/c mice, reared in institute facilities, were used for the purpose of parasite maintenance and experimental work, respectively, with prior approval of the Animal Ethics Committee of the Indian Institute of Chemical Biology.
Antileishmanial assays in vitro and in vivo on L. donovani parasites. To investigate the antileishmanial effect of synthesized 4-aminoquinaldine derivatives (PP compounds) on promastigotes, freshly transformed promastigotes of L. donovani AG83 (2 ϫ 10 6 /ml) in M199 containing 10% FCS were incubated with graded concentrations of PP compounds at 22°C for 2 h. After treatment, the parasites were centrifuged and subsequently washed with phosphate-buffered saline (PBS; 0.02 M). The pellets were resuspended in 100 l PBS solution containing a 2-mg/ml concentration of dimethyl thiazolyl diphenyl tetrazolium salt (MTT). Their viability was determined in a spectrophotometer (Hitachi High Technologies) at 570 nm by measuring the optical density (OD) of reduced formazan (35) , after incubation for 4 h at 22°C, compared to untreated cells. To investigate the effect of the synthesized derivatives on intracellular amastigotes, resident peritoneal macrophages (10 6 cells) isolated from BALB/c mice were infected with L. donovani AG83 promastigotes at a ratio of 1:10 at 37°C. Following infection for 6 h, the macrophages were treated for 48 h with different concentrations of PP compounds. The antileishmanial efficacy of these derivatives toward the intracellular amastigotes was evaluated through microscopic counting of the number of amastigotes per 200 macrophages by the Giemsa staining method (1, 15) . All 50% inhibitory concentrations (IC 50 s) of these derivatives against promastigotes and amastigotes were determined by linear regression from the percentages of killing compared to untreated vehicle controls (0.5% DMSO). The activities of the most potent compounds, PP-9 and PP-10, obtained from screening against AG83, were further tested on amastigotes of SAG-resistant strain GE1F8R and compared with the activity of miltefosine as described above.
The compounds S-4, PP-2, PP-9, and PP-10 for the in vivo evaluation on BALB/c mice against both SAG-sensitive and -resistant L. donovani parasites were selected on the basis of their activities against intracellular amastigotes. BALB/c mice were infected intravenously (i.v.) with 2 ϫ 10 7 amastigotes isolated from spleens of infected hamsters. After 8 weeks of infection, the mice were treated either intraperitoneally (i.p.) or orally once a week for 1 month. Mice were sacrificed 2 days after the last treatment, and the parasite burdens of spleen and liver were estimated and expressed as Leishman Donovan units (LDUs) (41) .
Log D 7.4 and oral permeability determination of the two lead compounds, PP-9 and PP-10. Octanol and PBS at a ratio of 1:1 by volume were taken in a flask and shaken mechanically for 24 h to presaturate PBS with octanol and octanol with PBS. These presaturated solvents were used for the present study. Four hundred microliters PBS containing 4 l each of 25 mM PP-9 and PP-10 was allowed to undergo partitioning with different volumes of octanol (100, 150, 200, and 400 l). After phase mixing by vigorous shaking for 2 h, phase separation was done by centrifugation at 1,509 ϫ g for 5 min, followed by 1 h standing undisturbed. The PBS layer was taken out. To 100 l PBS an aliquot of 100 l acetonitrile (ACN) was added and the absorbance of the sample, along with the absorbances of reference samples (400 l PBS containing 4 l of 25 mM compound plus 400 l ACN), was measured. Five standard compounds were similarly studied to check the validity of the method. Log D estimated at pH 7.4, the logarithm of the concentration ratio of the compound in organic and aqueous phases, was modified as follows to avoid determination of the compound in organic phase PAMPA. Millipore acceptor (catalog no. MATRNPS50) and donor (catalog no. MAIPN4510) plates were used for the parallel artificial membrane permeability assay (PAMPA). The artificial membrane was prepared by adding 5 l of 1% egg lecithin in dodecane and plated into the donor wells. One hundred fifty microliters solution containing 250 M PP-9 or PP-10 compound in PBS, pH 7.4 (5% DMSO), was added to the donor wells, and the donor plate was placed onto the acceptor plate containing 300 l PBS at pH 7.4 and holding 5% DMSO, ensuring proper contact between membrane and acceptor liquid with no entrapped air bubbles. Incubation was carried out for 16 h at room temperature in a water-saturated chamber to avoid evaporation from donor wells. Such experimental conditions were chosen to check validity and acceptability. Acceptor samples of 250 l were taken out after incubation, and the absorbance of each compound at the respective maximum was measured. To 200 l acceptor, 100 l donor solution was added and mixed properly, and this mixture was termed the "equilibrium." Absorbance of the equilibrium was also determined. Five standard compounds of different permeability (high, medium, low) were also similarly studied to establish a permeability ranking. The integrity of the artificial membrane was checked by a Lucifer yellow permeation study as reported earlier (20a) .
The calculation was as follows: log P e ϭ log[C ϫ Ϫln(1 Ϫ OD acceptor / OD equilibrium )], where log P e is the log of the effective permeability and C is the effective concentration. C is equal to ( 2 ) ϫ porosity ϫ time (in seconds), where V D is the volume of the donor (ml) and V A is the volume of the acceptor (ml).
Toxicity evaluation in BALB/c mice. A few parameters, such as specific enzyme levels related to normal liver, kidney, and cardiac functions, were chosen to determine the toxic effects of the compounds. Analysis in serum was done after administration of 4 repeat therapeutic doses of experimental compounds to 4-to 6-week-old naïve BALB/c mice for 4 consecutive weeks. To evaluate whether all treated compounds at therapeutic doses (10 mg/kg of body weight) were safe, the sera of normal mice and mice treated with compounds PP-2, PP-8, PP-9, and PP-10 at 40, 50, 10, and 10 mg/kg body weight, respectively, were estimated for serum enzymes: serum glutamate pyruvate transaminase (SGPT), serum glutamate oxaloacetate transaminase (SGOT), alkaline phosphatase (ALP), lactate dehydrogenase (LDH), and creatine kinase (CK-MB). In addition, constituents like blood urea, blood cholesterol, and blood creatinine were also measured at 1 month posttreatment. The enzymes, urea, and creatinine were assayed using kits from Dr. Reddy's Laboratories (Hyderabad, India) following the manufacturer's protocol. Blood urea and cholesterol activity were expressed as mg/dl, whereas SGPT, SGOT, and ALP were expressed as IU/liter and blood creatinine was expressed as mg/liter.
Inspection of parasite ultrastructure by TEM. Transmission electron microscopy (TEM) of untreated cells and cells treated with the IC 50 dose of PP-10 was performed (9) . L. donovani promastigotes were treated for 1.5 and 3.5 h with PP-10 at IC 50 doses. Briefly, cells were fixed in 3% glutaraldehyde in PBS, postfixed with 1% OsO 4 for 16 to 20 h, gradually dehydrated in ethanol, and finally embedded in Spurr resin (32) . Thin-cut sections were stained with uranyl acetate and lead acetate and examined under a transmission electron microscope (model Tecnai G2 Spirit BioTwin FP 5018/40; FEI Company, Hillsboro, OR).
Double staining with annexin V and PI. Externalization of phosphatidylserine (PS) is a feature of metazoan apoptosis (2) . Annexin V-fluorescein isothiocyanate (FITC) binds to externalized PS in the early stage of parasite apoptosis. Cells that did not stain for either annexin V or propidium iodide (PI) were considered healthy, those staining for annexin V only were taken to be apoptotic, and those staining for PI as well as annexin V were taken to be late apoptotic because entry of PI indicates plasma membrane disruption. Those staining with only PI and not annexin V were taken to be necrotic cells. Thus, to investigate the status of PP-10-treated promastigotes, binding of annexin V-FITC and PI of the parasites was carried out using an annexin V-FITC staining kit (Molecular Probes). Briefly, cells were treated with PP-10 for 1.5 and 2 h at IC 50 doses and for 3.5 h at the IC 90 dose and were double stained with FITCconjugated annexin V and PI (10 g/ml) after incubation for 15 min. Subsequently, cells were washed and resuspended in annexin V binding buffer. Labeled cells were visualized with the help of an E-600 Nikon fluorescence microscope using a 510-to 560-nm excitation filter block for red fluorescence of PI and a 440-to 480-nm filter block for green fluorescence of annexin V-FITC. The percentages of early apoptotic cells (annexin V-positive) as well as necrotic (PI-positive) cells were determined by counting 100 cells from each group under a fluorescence microscope.
Measurement of ROS levels. To monitor the level of ROS, several ROS-specific dyes that could distinguish among the different species were used. The cell-permeant probe H 2 DCFDA (2,7-dichlorodihydrofluorescein diacetate), a nonpolar compound that readily diffuses into cells, where it is hydrolyzed to the nonfluorescent derivative dichlorodihydrofluorescein and thus trapped within, was used for detection. In the presence of a proper oxidant, this compound is oxidized to the highly fluorescent 2,7-dichlorofluorescein. Briefly, PP-10-treated cells (10 7 promastigotes) were resuspended in 500 l of M199 and labeled with H 2 DCFDA (2 g/ml) for 15 min in the dark (17) . Fluorimetric analyses at 507-nm excitation and 530-nm emission wavelengths were carried out in a Fluostar Optima spectrofluorometer (BMG Technologies, Offenburg, Germany). Data were obtained after subtraction of the basal fluorescence.
Estimation of superoxide radical. To estimate the level of superoxide anion, 10 7 promastigotes were incubated with or without PP-10 at IC 50 doses for different time periods. The cells were then washed with PBS and resuspended in 100 l PBS buffer. Ten microliters of each suspension was added to 1 ml of reaction mixture containing 50 mM sodium carbonate, 50 mM nitroblue tetrazolium (NBT), 0.1 mM EDTA, and 0.5% Triton X-100 (26) . In a parallel set of reactions, 100 nM superoxide dismutase (SOD) was added to each of the reaction mixtures prior to addition of the respective cell suspension. The reduction of NBT to blue formazan and its inhibition by SOD indicate the generation of superoxide radical. Analysis was carried out at 560 nm in a Hitachi spectrophotometer.
Measurement of GSH level. The glutathione (GSH) level was measured by monochlorobimane (MCB) dye, which gives a blue fluorescence when bound to glutathione. L. donovani promastigotes (2.5 ϫ 10 6 ) were treated with or without PP-10 at different times. Cells were then pelleted down and lysed by cell lysis buffer according to the manufacturer's protocol (Apo Alert glutathione assay kit). Cell lysates were incubated with MCB (2 mM) for 3 h at 37°C. The decrease in glutathione levels in the extracts of the nonapoptotic and apoptotic cells was detected by a fluorometer at 395-nm excitation and 480-nm emission wavelengths (56) .
Measurement of total fluorescent lipid peroxidation product. AG83 promastigotes (10 7 ) treated and untreated with PP-10 at the IC 50 dose for 1.5, 2, and 3.5 h were pelleted down and washed twice with PBS. The pellet was suspended in 2 ml of 15% sodium dodecyl sulfate (SDS) in PBS solution. The fluorescence intensities of the total fluorescent lipid peroxidation products obtained from the SDS-promastigote interaction were estimated (53) with excitation at 360 nm and emission at 430 nm. A parallel set of treated groups was incubated with butylated hydroxytoluene (BHT; 20 mM), a specific inhibitor of lipid peroxidation. ⌬ m determinations. Mitochondrial membrane potential (⌬ m ) was measured using the JC-1 probe as described previously (4, 6) , with slight modifications. JC-1 is a cationic mitochondrial vital dye that is lipophilic and becomes concentrated in the mitochondria in proportion to the membrane potential; more dye accumulates in mitochondria with greater membrane potential. Therefore, the fluorescence of JC-1 can be regarded as an indicator of the relative mitochondrial energy state. The dye exists as a monomer at lower concentrations (emission, 530 nm, and green fluorescence) and forms J aggregates at higher concentrations (emission, 590 nm, and red fluorescence). Briefly, PP-10-treated cells were collected and incubated for 7 min with 10 M JC-1 at 37°C and were subsequently washed and resuspended in medium. The suspensions were measured for fluorescence at two different wavelengths as mentioned above. The ratio of the reading at 590 nm and that at 530 nm was considered the relative ⌬ m value.
Effect of protease inhibitors on PP-10-treated L. donovani promastigotes. L. donovani promastigotes (2.5 ϫ 10 6 ) were treated with or without PP-10 for different time periods at IC 50 doses. Cells were then pelleted and lysed by cell lysis buffer as per the manufacturer's protocol (Calbiochem). Cell lysates were incubated with caspase buffers to detect CED3/ CPP32 protease activities. Individual fluorogenic peptide substrate LeuGlu-His-Asp-7-amino-4-trifluoromethyl coumarin (DEVD-AFC for CED3/CPP32) at 100 mM and 1ϫ reaction buffer containing 100 mM dithiothreitol (DTT) were added to the corresponding cell lysates. In a parallel set of reactions, 1 l of the CED3/CPP32 group of protease inhibitors VAD-fmk (Val-Ala-Asp-fluoromethylketone) was added to the reaction mixture prior to the addition of cell lysates. Released 7-amino-4-methyl coumarins (AFCs) were detected after incubation of these samples at 37°C for 2 h by a fluorometer with 400-nm excitation and 505-nm emission wavelengths.
DNA ladder assays. Genomic DNAs were isolated from promastigotes at 1.5 and 3.5 h after they were treated with PP-10 at IC 50 doses and untreated L. donovani AG83 promastigotes (2.5 ϫ 10 6 ) with an apoptotic DNA ladder kit (Roche Biochemicals). In parallel, similar protocols were followed to isolate DNA from promastigotes treated with camptothecin at 1.74 g/ml as positive controls. All DNAs were electrophoresed (51) in a 1.5% agarose gel at 75 V for 2 h, stained with ethidium bromide, and photographed under UV illumination.
DHFR inhibition assay in L. donovani and L. major promastigotes with 4-aminoquinaldine derivatives PP-2, PP-9, and PP-10. We assayed the DHFR inhibition activity of three lead compounds (PP-2, PP-9, and PP-10) against L. donovani (MHOM/IN/1983/AG83) and L. major (MHOM/SU/73/5-ASKH) promastigotes, as well as crude DHFR enzyme extracts isolated from human peripheral blood mononuclear cells (PBMCs), as described earlier, with slight modifications (46) , to establish that DHFR is a target for these compounds (24) . L. major and L. donovani promastigotes (10 9 /ml of buffer [10 mM sodium phosphate, pH 7.0, 1 mM DTT, 1 mM EDTA]) were sonicated and centrifuged (10,000 ϫ g for 20 min), and the supernatants of the sonic extracts were loaded in cuvettes with 850 l of a reaction mixture (60 mM sodium phosphate [pH 7.0], 40 M NADPH, 40 M dihydrofolic acid, 250 M EDTA, 250 M DTT) to which the 4-aminoquinaldine analogues were added at graded concentrations. After 5 min to allow the reactants to mix, the reaction was initiated by the addition of 150 l of the supernatant of the sonic extract. One cuvette did not receive drug (positive control); one cuvette did not receive either drug or enzyme (negative control). Percent inhibition of leishmanial and human DHFR activity was determined with respect to the decrease of NADP hydride (NADPH) absorbance at 340 nm of compoundtreated samples in a spectrophotometer (DU-8; Beckman Instruments). For human DHFR, crude enzyme extract was obtained from 8 ϫ 10 6 mononuclear cells by standard Ficoll-Hypaque density gradient ultracentrifugation of peripheral blood, followed by freeze-thawing of the cells 3 times and centrifugation at 16,000 ϫ g for 15 min. Supernatants containing the crude human DHFR were assayed after addition of PP-2, PP-9, and PP-10 as described above.
Molecular docking. The X-ray structure of human DHFR was retrieved from the Protein Data Bank (PDB; PDB accession no. 1U72), and the L. major DHFR structure was generously provided by D. A. Mathews (25) on request. Standard preprocessing techniques were employed on the raw PDB files. Protonation states for the titratable residues were assigned assuming a pH of 7.4. A restrained minimization that allows hydrogen atoms to be flexible and the heavy atoms to be fixed was carried out to remove bad contacts and improve H bond geometries. Protein preparation was carried out using an Insight II apparatus (Accelrys, San Diego, CA), and high-quality ligand structures were prepared using the protocol stated elsewhere (31, 55) . To predict the binding modes of the molecules in question, the GOLD (Genetic Optimization for Ligand Docking) program, which uses a genetic algorithm to find appropriate docking arrangements, was used to probe the binding modes of PP-2, PP-9, and PP-10 ligands within the DHFR active site. The extent of the binding site was defined to include all residues within 10 Å from the cocrystallized methotrexate molecule. A genetic algorithm search setting of 100 dockings with 100,000 genetic algorithm operations per docking was employed. The early termination option was turned on. Binding affinity estimation was carried out using the chemscore function, followed by an interactionbased filtering. The docking procedure was validated beforehand using the de facto self-docking method.
Statistical analysis. The data are presented as means Ϯ standard errors of the means (SEMs). Differences between two groups were analyzed for statistical significance by unpaired Student's t test using GraphPad Prism (version 4) software. Differences were considered significant when P was Ͻ0.05. IC 50 s for drug for the in vitro cytotoxicity assay in the cell culture proliferation system were determined by sigmoidal growth curve analysis using GraphPad Prism (version 4) software and are presented as means Ϯ standard deviations of at least three independent determinations. (Table 2) . PP-9 and PP-10 were also effective against intracellular amastigotes of SAG-resistant L. donovani strains exhibiting IC 50 s of 6.44 and 3.91 M, respectively, for GFP2039 and 7.7 and 5.84 M, respectively, for GE1F8R (Table 3 ). The IC 50 of PP-10 is 1.54-fold less than that of miltefosine against GE1F8R strains. Moreover, a significant reduction in green fluorescence of intracellular GFP2039 L. donovani amastigotes after PP-10 treatment at the IC 50 dose in contrast to that for untreated controls was observed (see Fig. 2C ).
RESULTS
4-
Lead compounds are highly effective in vivo against murine model of VL. Potent compounds were selected for assessment of antileishmanial activity in 8-week-old L. donovani-infected BALB/c mice. Compounds were administered i.p. once a week for 4 consecutive weeks. PP-9 and PP-10 were dosed at 10 mg/kg body weight, while PP-2 and PP-8 were given at 40 mg/kg during the course of treatment. The therapeutic doses of all the compounds were chosen to be 1/10 the 50% lethal dose (LD 50 ; acute toxicity) in BALB/c mice. Both PP-9 and PP-10 led to clearance of the parasite burden by 95% and 97% (P Ͻ 0.0001), respectively, in liver and 98% and 98.5% (P Ͻ 0.0001), respectively, in spleen at 30 days posttreatment in comparison to untreated controls. Mice treated with PP-2 and PP-8 exhibited 95.5% and 95% (P Ͻ 0.0001) reductions in the parasite burden in the liver, respectively, and 96.46% and 96% (P Ͻ 0.0001) reductions in the spleen, respectively, at 4-fold higher doses than PP-9 and PP-10 (Fig. 1a) . PP-9 and PP-10 were then selected for oral administration at 10 mg/kg body weight. Both the compounds exhibited remarkable efficacy against both SAG-sensitive (AG83) (Fig. 1b) and SAGresistant (GE1F8R) (Fig. 1c) strains. PP-9 and PP-10 suppressed the infection by 88% and 93%, respectively, in the liver, and 96% and 98% (P Ͻ 0.0001), respectively, in the spleen in AG83-infected mice at 4 weeks posttreatment (Fig. 1b) . Furthermore, PP-9 and PP-10 could also clear the parasite burden by 94% and 97.46%, respectively, in the spleen (P Ͻ 0.0001) and 82% and 91%, respectively, in the liver (P Ͻ 0.0001) in SAG-resistant, L. donovani GE1F8R-infected BALB/c mice (Fig. 1c) . In AG83-and GE1F8R-infected mouse models, oral administration of miltefosine at 10 mg/kg demonstrated 95% and 90.2% protection, respectively, in the spleen and 92% and 89% protection, respectively, in the liver. The leishmanicidal activity in the spleen elicited by PP-10 against both the strains was found to be better (P Ͻ 0.05) than that of miltefosine at equivalent dosages (10 mg/kg). In AG83-and GE1F8R-infected BALB/c mice, the parent compound, S-4, showed 4 and 16 times lower activity, respectively, in liver (P Ͻ 0.05) and 4.7 and 20 times lower activity, respectively, in spleen (P Ͻ 0.05) than PP-10. Notably, these results for S-4 were observed at a dose 5 times higher than that of PP-10 ( Fig. 1b and  c) . At the therapeutic doses, none of the experimental compounds demonstrated any overt sign of clinical toxicity related to liver, kidney, or heart dysfunction posttreatment in healthy mice. The animals seemed to be completely healthy throughout the course of the experiment at posttreatment, with no variation in normal body weight. The spleen weights of the treated groups were significantly reduced compared to untreated controls in both intraperitoneal and oral therapy (data not shown).
Physicochemical properties and permeability. The pK a and log P values for all experimental compounds were determined using the software Cerius 2, version 4.10. Compound pK a values were evaluated by applying Chemaxon software ( Table 4 ). The (Table 5) . Moreover, PP-9 and PP-10 were highly permeant across the PAMPA Millipore membrane filter paper, showing permeation comparable to the permeations of the standard highly permeant drugs verapamil and diltiazem. The most potent compound, PP-10, exhibited 7-fold higher permeation than the standard oral antileishmanial drug, miltefosine (Table 5) . Lead compound (PP-10) treatment induces morphological changes in Leishmania promastigote cells. Electron microscopic studies on the ultrastructure of PP-10-treated L. donovani promastigotes at IC 50 doses showed that PP-10 induced certain morphological changes compared to untreated controls. The flagellated promastigotes lost their flagella, turned round with an increase in granules, vacuoles, and lipid bodies, and had fragmented cell nuclei at 1.5 h posttreatment ( Fig. 2Ac and d) . Parasites having condensed cytoplasm and dilated mitochondria and lacking kinetoplast DNA were observed following 1.5 h treatment with PP-10. Cells treated with PP-10 for 3.5 h lost their specialized membrane structures, showing increased dilation of the mitochondrial matrix and disruption of all internal cellular organelles (Fig. 2Ae) at late apoptotic stage due to exhibition of some necrotic cells in fluorescence microscopic images, as shown in Fig.  2Bc . We demonstrated PS exposure in the PP-10-treated promastigotes by annexin V labeling (Fig. 2B) and categorized the cells according to staining pattern, as described under Materials and Methods. It was found that after 1.5 h PP-10 treatment showed many annexin V-labeled cells (Fig. 2Bb) compared to untreated controls, where no annexin V-bound cells were observed. Exposure of promastigotes to the IC 50 dose of PP-10 for 2 h resulted in both annexin V-and PI-positive cells (Fig. 2Bc) . Furthermore, treatment with the IC 90 dose of PP-10 for 3.5 h resulted in cells devoid of annexin V positivity and PI-positive cells. PS is usually confined to the inner leaflet of the cell membrane and is externalized when the cell is committed to apoptosis (49) . These results therefore indicate that early and late apoptosis occurred at 1.5 and 2 h, respectively, after treatment at the IC 50 dose of PP-10. Treatment with PP-10 at IC 50 doses for 1.5 and 2 h produced 33% and 17% apoptotic (annexin V-positive) cells at early apoptotic and late apoptotic phases of promastigote cell death, respectively. In contrast, 8% and 31.4% necrotic cells (PI positive) were observed at 2 h and 3.5 h posttreatment with PP-10 at IC 50 and IC 90 doses, respectively. 50 dose of PP-10 to investigate the generation of ROS. The increase in the fluorescence intensity of the treated cells in comparison to untreated controls (0.2% DMSO) demonstrates that the IC 50 dose of PP-10 induces early apoptosis for up to 1.5 h due to the physiological production of ROS by the mitochondrion (Fig. 3Aa) . After 2 h of treatment, the levels of ROS significantly declined with increasing time. Oxidative burst by enhancing the reactivity of ROS is an early event that also happened after PP-10 treatment and reached a peak value at about 1.5 h. Considering that oxidative burst occurs for a very short time (11) , it seems that ROS acts as a trigger in PP-10-induced early apoptotic PCD, as reported by other investigators (12, 16, 51) .
ROS generation caused by oxidative stress influences depletion of the glutathione (GSH) level and increases the level of lipid peroxidation. L. donovani promastigotes were treated with the IC
Cellular stress induced by PP-10 led to the formation of intracellular superoxide radicals, as evident by the reduction of NBT to blue formazan in the promastigote cell lysates. Superoxide radical levels in PP-10-treated cells remained 3.2-to 3.8-fold higher than the levels of controls throughout the experiment (Fig. 3Ab) . After addition of SOD to the respective PP-10-treated cells, the intensity in the reduction of NBT to blue formazan by the lysates was inhibited by 85 to 90% at different times of incubation, confirming that the reduction of NBT is due to the formation of superoxide radicals.
GSH is a crucial molecule for protecting kinetoplastids from ROS and other free radicals (18) . PP-10 caused a 35% reduction in GSH level after 1.5 h, and the consequence was enhanced to 56 and 62% at 2 and 3.5 h posttreatment, respectively (Fig. 3Ac) .
Lipid peroxidation was quantified by measuring the total fluorescent lipid peroxide products in promastigotes after treatment with PP-10 at different time points, and the results demonstrated their upregulation at 1.5 h posttreatment, which reached a maximum level at 3.5 h. In the presence of 20 mM BHT, a specific inhibitor of lipid peroxidation, fluorescence levels dropped significantly, as observed in Fig. 3Ad . Hence, the ROS generation caused by PP-10-induced oxidative stress influenced depletion of the GSH level and increased the level of lipid peroxidation.
PP-10 causes disruption of the mitochondrial membrane potential. The BD MitoSensor JC-1 dye is a cationic mitochondrial vital dye that is lipophilic and becomes concentrated in the mitochondria in proportion to the level of depolarization of the membrane potential; more dye accumulation in mitochondria indicates the disruption of m . Herein, m was expressed as the ratio of fluorescence at 590 nm/530 nm in response to PP-10 treatment. PP-10 treatment at IC 50 doses for 1.5, 2, and 3.5 h demonstrated a progressive loss of the fluorescence ratio for the mitochondrial membrane potential by 37%, 50%, and 79% (P Ͻ 0.0001), respectively, with respect to untreated controls (Fig. 3Ba) . Results show that PP-10 treatment led to collapse of the mitochondrial membrane potential and subsequently provoked cellular stress in response to changes in m . PP-10 causes activation of proteases in cytosol and DNA fragmentation. Caspase-like protease, a member of the CED-3/ CPP32 group of proteases, was measured fluorimetrically using its specific substrate Asp-Glu-Val-Asp-7-amino-4-trifluoromethyl coumarin (DEVD-AFC) in terms of liberated 7-amino-4-trifluoromethyl coumarin (AFC). PP-10 treatment significantly increased the activation of protease in AG83 promastigotes in a time-dependent manner compared to untreated controls (Fig.  3Bb) . The activity of protease was reduced when cells were pretreated with the protease inhibitor VAD-fmk. This protease is a caspase-like protease, such as a metacaspase protein, for instance, calpains and cathepsins (CED3/CPP32 group of cysteine proteases), as Leishmania lacks a caspase gene. VAD-fmk, an irreversible inhibitor of the CED3/CPP32 group of proteases, may also inhibit these cysteine proteases, with activity being reduced to basal levels. Hence, such protease activation may also induce apoptotic cell death (12, 51) .
Agarose gel electrophoresis at 37°C showed DNA ladder formation in vitro (Fig. 3Bc, lane 3) in isolated nuclei obtained from log-phase culture of leishmanial cells treated with PP-10 at the IC 50 dose for 2 h. The effect of fragmentation became more marked at 3.5 h posttreatment (lane 2). The cleavage patterns of genomic DNA characterized by fragmentation are typical of internucleosomal DNA digestion by an endogenous nuclease and a hallmark of apoptosis. Taken together, these results support the suggestion that PP-10 causes activation of proteases in the cytosol and genomic DNA fragmentation, which may contribute to the induction of apoptosis-like death of L. donovani parasites.
Inhibition of leishmanial dihydrofolate reductase by potent compounds. Spectrophotometric investigation of DHFR activity of sonicated supernatant derived from L. donovani (AG83) and L. major (5-ASKH) promastigotes at posttreatment with compounds at graded concentrations revealed that PP-2, PP-9, and PP-10 inhibited the AG83 DHFR at IC 50 s of 3.38, 1.67, and 1.11 M, respectively, and 5-ASKH DHFR at IC 50 s of 4.30, 1.25, and 1.05 M, respectively (Table 3) . This inhibition correlated with the in vitro antileishmanial activity of the compounds. Although the highest concentration of these compounds inhibited the leishmanial DHFR to levels ranging from 70% to 84%, PP-2, PP-9, and PP-10 had weaker inhibitory activities on human PBMC-derived DHFR, with IC 50 s of 49.85, 14.44, and 13.34 M, respectively (Table 3) .
Molecular docking and binding studies. Docking of PP-10, PP-9, and PP-2 into the active site of L. major DHFR revealed similar interaction patterns, in accordance with the cocrystal structure of methotrexate. A recent homology modeling and docking study (31) on L. donovani chagasi DHFR revealed that the L. donovani chagasi DHFR binding site is identical to that of the L. major DHFR and the protein-ligand interaction pattern is conserved in both species, suggesting that L. major DHFR can be used as a surrogate model for L. donovani DHFR-targeted drug discovery. The docked conformation of PP-10 revealed that the protonated nitrogen atom present in the 4-aminoquinaldine ring is involved in a hydrogen-bonding interaction with Val 156. The NH group attached to the phenyl ring forms a hydrogen-bonding interaction with Met 53, and the other NH group attached to the quinaldine ring is involved in an NH-interaction with Phe 56, as shown in Fig. 4A . The dichlorophenyl ring is involved in a T-stacking interaction with Phe 91, while the conformationally rigid quinaldine moiety is involved in a -stacking interaction with Phe 56. The chlorine atom substituted at position 3 of the phenyl moiety (in PP-9) is involved in a weak halogen-mediated hydrogen-bonding interaction with Arg 97 (data not shown). Interestingly, the lead compounds PP-10, PP-9, and PP-2 exhibited significant differences in binding modes toward human DHFR, as shown in Fig. 4B (for PP-10) . To counter the deficiencies in the scoring function, which fails to reflect the trend in selectivity, manual inspection of the difference in the binding mode was carried out and revealed that the lead compounds entail contact with two nonconserved amino acids (Met 53 and Phe 91) present in L. major DHFR (60), which apparently explains the selectivity for L. major DHFR over human DHFR. The considerable difference in the binding mode of PP-10 to L. major DHFR and human DHFR is evident from Fig. 4C and D, respectively. The selectivity profiles of these compounds are also evident from the results of spectrophotometric assays provided in Table 3 .
DISCUSSION
This is the first report of synthesized analogues of 4-aminoquinaldine with chlorine substituents with activity against exper- imental VL. The lead molecules (PP-9 and PP-10) showed profound antiparasitic activity against both SAG-sensitive and -resistant strains of Leishmania in an in vitro and as well as an in vivo model. PP-9 and PP-10 showed promising leishmanicidal activity with significant IC 50 doses against intracellular amastigotes of L. donovani, with selectivity indexes of 85 and 96, respectively. Therapy with these compounds caused 95 to 98% reductions in spleen and liver parasite burdens with only 4 doses, administered orally to BALB/c mice. PP-9 and PP-10 were more active than miltefosine at similar doses. These lead compounds were devoid of major or visible hepato-and nephrotoxic effects in BALB/c mice. No treatment-related changes in hematology and cardiac function tests (Table 6 ) were found in PP-9-and PP-10-treated mice. Moreover, electrocardiographic patterns in rats after treatment with PP-10 were normal. The lead compounds were also found to be devoid of mutagenicity and genotoxicity, displaying no evidence of methemoglobinemia even at IC 90 doses (data not shown). PP-9 and PP-10 were found to be more permeant with oral administration, possessing desirable physicochemical properties, such as moderate lipophilicity and weak basicity, better than even those of miltefosine. Moreover, these compounds were highly stable in liver microsomes. Therefore, there are no chances of oral first-pass metabolism (unpublished data). Numerous compounds on quinoline scaffolds have previously been reported to be antileishmanials (10) . Among these, 2-, 3-, and 4-substituted quinolines were reported to exhibit activity against L. donovani in vitro (29, 54) . Moreover, two categories of 2-substituted quinoline derivatives were investigated for in vivo activity at a 25-mg/kg dose daily for 10 days through the oral route and demonstrated 66% and 69% reductions in liver parasite burden in the murine VL model, respectively (36) . Herein, PP-10, a lead compound of the 4-aminoquinaldine series, demonstrated almost complete clearance of the parasites (97% in liver and 98.5% in spleen) from infected BALB/c mice, when treated orally at a dose of 10 mg/kg/week for 1 month. Interestingly, similar results were also reported recently for an 8-aminoquinoline analogue (tafenoquine) (59) . It may be noted that whereas Yardley et al. (59) obtained such parasite clearance in a 7-day infection model, our compound (PP-10) cured leishmanial infection in a 2-month-established model of VL with well-expressed hepatoand splenomegaly (41) . PP-10, a derivative of S-4, enhanced oral antileishmanial activity significantly over that of the parent compound (47) . The augmented effects of PP-10 could be due to the presence of dichloroanilide substituents (38) . Thus, PP-11 and PP-13, which lacked a chloroanilide functional group, were devoid of antileishmanial activity, whereas PP-2, PP-9, and PP-10, having chloro-and dichloroanilide substituents, displayed significant oral antileishmanial activity in established VL.
Preliminary investigations reported earlier (47) that S-4, the parent compound of our 4-aminoquinaldine series, mediated leishmanicidal activity through cell cycle arrest, indicating apoptosis. Therefore, in this study, we investigated in detail the killing mode of PP-10 on L. donovani promastigotes to unravel its remarkable antileishmanial activity. PP-10 was chosen for elucidation of the mechanism of action, since it had the lowest IC 50 against promastigotes and the strongest efficacy against intracellular amastigotes. Promastigotes treated with PP-10 demonstrated round parasites with increases in vacuoles, granules, and lipid bodies. Moreover, cell shrinkage, loss of plasma membrane integrity along with blebbing, chromatin condensation, and dilation of mitochondria, hallmarks of apoptotic cell death (51), were observed. Lack of extensive round lysosome-like cytoplasmic intracellular vacuoles, chromatin condensation, and the absence of intact plasma membrane with insignificant cell shrinkage and swelling, along with insignificant changes in nuclear and mitochondrial integrity, observed herein, are indicative of apoptotic rather than autophagic cell death (50) . Further, increases in annexin V positivity and intracellular ROS generation, upregulation of hydroxyl radicals, downregulation of GSH levels, elevation of lipid peroxide levels, a decrease in mitochondrial membrane potential, and elevation of late-stage apoptosis markers such as protease activation and DNA nucleosomal fragmentation in the treated promastigotes support induction of apoptosis-like PCD (20) .
While the above-described results support our proposed mechanism of action at a cellular level, identification of a suitable drug target in the parasite would be an efficient approach for development of safe antiparasitic lead compounds (37) . DHFR is a key regulatory cellular enzyme of folate metabolism. Inhibition of DHFR leads to cell death through a lack of thymine (nucleotide metabolism) (31, 45) . The structural similarity of our compounds with the reported DHFR inhibitors (5, 23) prompted us to carry out molecular docking studies of the three major lead compounds of our series with leishmanial DHFR to elucidate their structurebased mechanism. Docking results illustrated that the leads were mild to moderate inhibitors of leishmanial DHFR, and this finding was validated by an experimental in vitro spectrophotometric DHFR inhibition assay, indicating an activity trend of PP-10 Ͼ PP-9 Ͼ PP-2. Docking scores matched the experimental results. Recent studies (31, 60) on L. donovani chagasi DHFR revealed that their DHFR binding site is identical to that of L. major DHFR and the protein-ligand interaction pattern is conserved in both species, suggesting that L. major DHFR can be used as a surrogate model for L. donovani DHFR-targeted drug discovery. However, whether this inhibition is linked with PP-10-induced PCD or not is not clear. DHFR inhibition upregulates generation of intracellular ROS and triggering of the endonucleolytic fragmentation of DNA, which contribute to the induction of apoptosis-mediated cell death in eukaryotic cells (3, 27, 39) . We may therefore postulate that PP-10 may kill Leishmania parasites through a similar mechanism involving inhibition of leishmanial DHFR, followed by apoptosis-mediated PCD (21, 43) . Since these findings were based on only 3 lead compounds, further studies with more analogs of this series would be required to prove the hypothesis that compounds which do not inhibit DHFR also fail to induce apoptosis. A lack of safe and orally effective antileishmanial drugs, coupled with emerging drug resistance and high treatment costs, makes the therapy of VL difficult (13) . The only oral drug, miltefosine, suffers from drawbacks, such as gastrointestinal and reproductive toxicity, recrudescence of leishmanial infection posttreatment, a long biological half-life (100 to 200 h), and a low therapeutic index (34) . In this scenario, the efficacy of PP-9 and PP-10 against SAG-sensitive and -resistant parasites for oral treatment of experimental VL is remarkable. The high permeation of PP-9 and PP-10, which may promote a higher rate of absorption in the systemic circulation through passive diffusion, could be responsible for the antileishmanial activity of PP-9 and PP-10 through the oral route. Furthermore, since PP-10 has a binding capacity of 46.5% with human plasma proteins (data not shown), it is expected that PP-10 may also have a short biological half-life, thus avoiding the problem of resistance development often associated with drugs having prolonged biological half-lives (52) . Further in vivo pharmacokinetic studies are in progress with PP-9 and PP-10 to explore their oral therapeutic potential to combat this neglected disease. In conclusion, PP-9 and PP-10 are promising preclinical development candidates for oral drug therapy for VL, alone or in combination with currently used antileishmanials, with prospects also for rescue treatment of antimony treatment failure.
